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Background: Long-term outcomes after acute kidney
injury remain poorly defined. We determined the asso-
ciation between the magnitude of creatinine increase af-
ter cardiac surgery and the risk of incident chronic kid-
ney disease (CKD), CKD progression, and death.

Methods: We identified 29 388 individuals who under-
went cardiac surgery at Veterans Affairs hospitals be-
tween November 1999 and September 2005. The mag-
nitude of creatinine increase was defined by the percent
change from baseline to peak creatinine levels after car-
diac surgery and categorized as none (�0%) or as class
I, (1%-24%), II (25%-49%), III (50%-99%), or IV
(�100%). Cox proportional hazard models were used to
examine the association between the magnitude of cre-
atinine increase and outcomes.

Results: The relative hazards for outcomes increased
monotonically with greater increases in creatinine lev-
els compared with no change in creatinine levels. The

relative hazards for adverse outcomes were significantly
higher immediately after the creatinine increase and at-
tenuated over time. Three months after surgery, creati-
nine increase classes I, II, III, and IV were associated with
a greater risk of incident CKD (hazard ratios [HRs] 2.1,
4.0, 5.8, and 6.6, respectively; all P� .01), progression
of CKD stage (HRs 2.5, 3.8, 4.4, and 8.0; all P� .01), and
long-term mortality (HRs 1.4, 1.9, 2.8, and 5.0; all P� .01).
At 5 years, the associations were lower in magnitude: in-
cident CKD (HRs 1.4, 1.9, 2.3, and 2.3; all P� .01), CKD
progression (HRs 1.5, 1.7, 1.7, and 2.4; all P� .01), and
mortality (HRs 1.0, 1.2, 1.4, and 1.8; all P� .01, except
class I).

Conclusion: The magnitude of creatinine increase after
cardiac surgery is associated in a graded manner with an
increased risk of incident CKD, CKD progression, and
mortality.
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A CUTE KIDNEY INJURY (AKI) IS

common among hospital-
ized individuals,1 particu-
larly among those undergo-
ing cardiac surgery. 2

Numerous studies have demonstrated that
AKI is associated in the short term with in-
creased hospital duration,3 an increased risk
for infection,4 increased hospital expendi-
tures,3 and increased mortality.5-9 Histori-
cally, it has been assumed that if an indi-
vidual survived an episode of AKI there was
no long-term sequelae.10-13 This assump-
tion has been recently challenged by stud-
ies suggesting an association between AKI
and an increased risk of mortality and end-
stage kidney disease (ESKD) after the AKI
event.14-20 However, many of these studies
were unable to adjust for baseline kidney
function and have assumed a constant risk
over time, whereas the risk of adverse out-
comes may be highest early in the period
after the AKI episode. Furthermore, to our
knowledge, the association between an AKI

and both the incidence and the progres-
sion of kidney disease has not been com-
prehensively evaluated.

Using a national cohort of veterans who
underwent cardiac surgery, we investi-
gated the association between the magni-
tude of postoperative increases in creati-
nine levels and the risk of adverse
outcomes, including incidence and pro-
gression of chronic kidney disease (CKD)
and death. We also aimed to determine
whether the association between in-
creases in creatinine levels and these ad-
verse outcomes varied over time.

METHODS

The Veteran Affairs (VA) Surgical Quality Im-
provement Program (VASQIP) is a national pro-
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gram that was designed to improve the quality of surgical care
at VA hospitals. As part of this program, nurses at each par-
ticipating VA facility routinely extract comprehensive data on
all veterans undergoing cardiac surgery. Using the VASQIP data
set, we identified all individuals who underwent cardiac by-
pass, with or without placement of a concomitant valve, be-
tween November 1999 and September 2005.

Between November 1, 1999, and September 30, 2005, a total
of 30 662 individuals underwent cardiac surgery at 1 of 44 VA
hospitals performing cardiac surgery nationwide for which the
procedure was risk abstracted by VASQIP. Among these, a num-
ber of individuals were excluded from the final cohort for pre-
existing ESKD (n=165), need for acute dialysis in the 30 days
before surgery (n=123), paralysis (n=964), and missing age
(n=22), leaving a final cohort of 29 388 individuals.

BASELINE RENAL FUNCTION

Serum creatinine measurements were obtained for all mem-
bers of the cohort from the national VA Decision Support Sys-
tem. The last creatinine measurement obtained before, but
within 30 days of, cardiac surgery was used to calculate the
baseline estimated glomerular filtration rate (eGFR). The
baseline eGFR, calculated using the 4-variable Modification of
Diet in Renal Disease formula,21 was used to categorize each
individual’s stage of CKD with a modified version of the Na-
tional Kidney Foundation staging system.22 Chronic kidney
disease was considered present if the eGFR was less than 60
mL/min/1.73m2. Among individuals with CKD, we further
categorized the stage of kidney function as follows: eGFR
value, 45 to 59 mL/min/1.732 (stage 3a); 30 to 44 mL/min/
1.732 (stage 3b); and less than or equal to 29 mL/min/1.732

(stages 4 and 5). Individuals with stage 4 or 5 CKD at baseline
were combined for the current analyses, as there were few in-
dividuals with stage 5 CKD who were not receiving dialysis
and who underwent cardiac surgery.

MAGNITUDE OF CREATININE INCREASE

We extracted all serum creatinine values obtained over the first
7 days after cardiac surgery. The magnitude of creatinine
change was determined based on the percent change in serum
creatinine values comparing the peak creatinine value with the
baseline creatinine value. We defined the following classes of
postoperative percent increases in creatinine values ([peak/
baseline–1]�100): none (�0%), class I (1%-24%), class II
(25%-49%), class III (50%-99%), and class IV (�100%).

ASCERTAINMENT OF INCIDENT CKD
AND CKD PROGRESSION

For all individuals, all outpatient serum creatinine values, mea-
sured from 30 days after their cardiac surgery until the end of
the study follow-up period [September 30, 2008]), were ex-
tracted from the VA Decision Support System database. Each
individual had to have a minimum of 2 outpatient creatinine
values in the follow-up period starting 30 days after surgery.

A moving average eGFR was determined for each indi-
vidual. For this moving average eGFR, all eGFR values start-
ing 30 days after surgery were used to identify the first eGFR
that classified an individual into a lower CKD stage. Starting
on the date of this first lower eGFR value, we then went for-
ward and determined the average eGFR over at least 3 months
(at least 2 creatinine measurements were required). If the av-
erage eGFR over this period continued to categorize an indi-
vidual into a lower CKD stage, the individual was considered
to have progressed into a new stage of kidney disease, and the

date of the first eGFR in the new stage was considered as the
date of progression. Only individuals with baseline CKD were
included in the progression of CKD stage analysis (n=6725).

Individuals were considered to have developed incident CKD
if their baseline eGFR was greater than or equal to 60 mL/min/
1.73m2 and if, during follow-up, their moving average eGFR
went below the threshold of 60 mL/min/1.73m2 consistently
for at least 3 months.

DEATH

Dates of death were obtained from the VA death file, which has
a sensitivity of 98.3% and a specificity of 99.3% when com-
pared against the national death index. To decrease the influ-
ence of short-term mortality associated with AKI,23 we re-
quired that individuals survive at least 30 days after surgery
before cohort entry

COMORBID CONDITIONS

Comorbid conditions for all individuals were identified using
administrative data and classified using the Agency for Health-
care Research and Quality–Elixhauser algorithm, which clus-
ters and categorizes administrative data into clinically homo-
geneous categories.24 The Agency for Healthcare Research and
Quality–Elixhauser classification system does not include either
myocardial infarction or cerebrovascular disease within the clas-
sification system. These specific comorbid conditions were sepa-
rately identified based on the definition from the Charlson-
enhanced International Classification of Diseases, Ninth Revision
(myocardial infarction, 410.x, 412.x; cerebrovascular disease,
362.34, 430.x-438.x).25 Also, we extracted the prescribed medi-
cation list at the time of surgery for each individual in the final
cohort from the VA Pharmacy Benefits Package. Medications
were collapsed into drugs classes (eg, angiotensin-converting
enzyme inhibitors) for all analyses.

STATISTICAL ANALYSIS

Cox proportional hazard models were used to assess the asso-
ciation between the class of creatinine change and the devel-
opment or progression of kidney disease as well as mortality,
adjusted for baseline eGFR and the covariates discussed pre-
viously. To develop a proportional hazard models for each out-
come, we implemented a bootstrap model selection proce-
dure, as discussed by Austin and Tu.26 One hundred
bootstrapped versions of the sample were created, and for each
sample, a stepwise selection process was performed to de-
velop a regression model. The model selection procedure used
P value–based selection and retention criteria of .05 and .10,
respectively, for the significance tests of individual predictors.
Variables that were selected in at least 80 of the 100 models
were then used for the final Cox model in addition to class of
creatinine change and baseline eGFR, along with facility as a
blocking variable. Potential covariates included, race, sex, age,
Agency for Healthcare Research and Quality–Elixhauser co-
morbidities, myocardial infarction, cerebrovascular disease, base-
line prescribed medications, and surgical emergency status.

The proportionality of the hazards was tested by assessing
for nonzero slope in generalized linear regressions of the scaled
Schoenfeld residuals on functions of time. For each outcome,
the tests indicated nonproportionality. We modeled this non-
proportionality using piecewise Cox proportional hazards mod-
els for the outcome, with knots at 1, 2, 3, and 6 years. Point
estimates of the hazard ratios (HRs) and corresponding 95%
confidence intervals (CIs) at 3, 6, 12, 24, 36, and 60 months
were estimated for each class of creatinine change. We also con-
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sidered an interaction between class of creatinine change and
baseline eGFR. This interaction was not significant for analy-
ses evaluating either incident CKD or CKD-stage progression.
While the interaction was significant (P� .05) for death, the
patterns of association were similar to those in the additive
model, and for simplicity, we present the results of this sim-
pler model.

RESULTS

Individuals in the final cohort had relatively well-
preserved kidney function at baseline (mean [SD] eGFR,
73.7 [21.6] mL/min/1.732). In the first 7 days after car-
diac surgery, the mean (SD) number of creatinine val-
ues performed per individual was 9.6 (4.5). During an
average follow-up of 5.1 years beginning 30 days after

cardiac surgery, the median number of outpatient cre-
atinine measurements annually per individual in the co-
hort was 2.7 (25th-75th percentile, 1.7-4.1).

In the first 7 days after cardiac surgery, there was a
modest increase in the mean creatinine value of the en-
tire cohort (mean [SD] peak creatinine level, 1.46
[0.77] mg/dL [to convert to micromoles per liter, mul-
tiply by 88.4] vs mean preoperative creatinine level,
1.18 [0.42] mg/dL). Overall, in this cohort, the postop-
erative changes in creatinine values were modest, with
35.3% (n=10 369), 18.2% (n=5357), 9.5% (n=2719),
and 4.5% (n=1334) for postoperative increases in cre-
atinine of 1% to 24%, 25% to 49%, 50% to 99%, and
greater than or equal to 100%, respectively. Table 1
lists the baseline characteristics of patients stratified by

Table 1. Baseline Characteristics of the Cohort by the Magnitude of Creatinine Increase After Surgerya

Variable

Change in Creatinine Values After Surgery Compared With Baseline, %

�0 0-24 25-49 50-99 �100

Age, mean (SD), y 63.7 (9.3) 65.0 (9.3) 65.9 (9.5) 67.3 (9.7) 67.6 (9.7)
Race

White 86.0 84.8 83.9 83.5 84.2
Black 8.0 9.3 10.5 11.0 9.0
Other 2.3 2.4 2.5 2.4 2.2
Unknown 3.7 3.6 3.1 3.1 4.7

Male 98.9 99.2 99.1 98.8 98.4
Comorbid conditions

Diabetic 39.8 44.1 48.5 54.2 52.0
Hypertension 86.2 88.1 89.6 91.4 90.0
Myocardial infarction 37.7 38.1 40.3 40.0 41.8
Cerebrovascular disease 20.1 22.0 22.2 24.6 25.5
Anemia 13.2 14.5 16.9 21.5 22.8
Tumor 10.6 11.5 12.0 12.4 14.4
CHF 20.0 20.6 24.1 32.6 34.3
COPD 29.1 29.9 31.6 34.2 34.9
Depression 16.9 16.4 16.3 16.9 16.6
Drug abuse 3.5 3.2 3.5 2.5 2.9
Alcohol abuse 9.8 8.7 8.2 7.5 8.2
Liver disease 2.3 2.3 2.4 2.4 3.5
Other neurologic disorders 4.4 3.9 3.9 3.8 3.8
Obesity 19.6 22.1 23.7 26.6 29.6
Peripheral vascular disorders 23.0 23.5 25.0 28.8 27.4
Psychoses 10.0 10.3 10.0 10.4 9.5
Rheumatoid arthritis 2.7 2.9 3.0 3.2 3.3
Hypothyroidism 6.0 6.5 6.6 7.3 5.9
Valvular disease 16.8 17.9 21.9 24.6 27.9
Weight loss 3.5 3.7 4.3 5.2 6.2
Emergent procedure 13.7 17.5 19.2 20.9 23.9

Baseline eGFR, mL/min/1.732

�29 (n=519) 1.4 1.4 2.2 3.7 2.1
30-44 (n=1873) 6.2 5.4 6.1 9.8 9.6
45-59 (n=5248) 19.7 17.3 15.2 17.2 21.3
60-79 (n=11078) 41.5 35.6 38.1 34.0 32.0
�80 (n=10670) 31.2 40.3 38.4 35.3 35.0

Medications prescribed at time of surgery
ACEI 54.2 53.9 58.2 59.5 59.8
ARB 4.2 4.6 5.5 7.0 7.6
NSAIDs 1.3 1.3 1.1 1.2 1.4
Lipid-lowering medications 70.3 68.1 67.7 67.7 65.7
�-Blocker 69.7 67.6 67.6 68.4 68.2

Abbreviations: ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; CHF, congestive heart failure; COPD, chronic obstructive
pulmonary disease; eGFR, estimated glomerular filtration rate; NSAIDs, nonsteroidal anti-inflammatory drugs.

aAll values other than age are expressed as percentage.
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the magnitude of their postoperative creatinine in-
crease. In general, individuals with larger increases in
creatinine values (�25%) after cardiac surgery were
older; more likely to have diabetes, hypertension, ane-
mia, tumors, congestive heart failure, chronic obstruc-
tive pulmonary disease, or peripheral vascular disease;
more likely to use angiotensin-converting enzyme in-
hibitors or angiotensin receptor blockers; and less
likely to use �-blockers.

INCIDENT CKD

Among the subgroup of individuals without CKD at base-
line (eGFR, �60 mL/min/1.73m2 [n=20 263]), an acute
increase in creatinine levels after cardiac surgery was as-
sociated with incident CKD (P� .01). The incidence of
CKD during the entire follow-up period was 25.1% among
patients with no CKD at baseline and no increase in cre-
atinine levels after surgery. This percentage compared with
an incidence of CKD of 33.7%, 44.1%, 51.1%, and 53.4%
for patients with no CKD at baseline and creatinine in-
crease classes I, II, III, and IV after surgery, respectively
(P for linear trend, �.001). The relative risk of incident
CKD was highest in the 3 months after the increase in
creatinine levels and attenuated over time but persisted
even at 5 years (Figure 1). Figure 2 displays the rela-
tive hazards for the development of incident CKD over
time, which was not constant during follow-up. After ad-
justment for baseline eGFR and other potential con-
founders, the class of creatinine increase after cardiac sur-
gery was associated in a graded manner with the
development of incident CKD at 3 months (HRs 2.1, 4.0,
5.8, and 6.6 for creatinine increase classes I, II, III, and
IV, respectively, compared with no increase in creati-
nine values; P for linear trend and P for each class of cre-
atinine, �.01; compared with reference group with no
increase in creatinine values) (Table 2). Although at-
tenuated, the increase in risk compared with the group
without an increase in creatinine values was still pres-
ent at 5 years (HRs 1.4, 1.9, 2.3, and 2.3 for creatinine
increase classes I, II, III, and IV, respectively; P for lin-
ear trend and P for each creatinine class, �.01; com-
pared with reference group with no increase in creati-
nine values) (Table 2).

PROGRESSION OF KIDNEY DISEASE STAGE
IN INDIVIDUALS WITH CKD

BEFORE SURGERY

Of those individuals with at least CKD stage 3 included
in this analysis (n=6725), each individual had, on aver-
age, 19.9 (14.8) follow-up creatinine measurements.
Among the individuals with CKD at baseline without an
increase in creatinine levels after surgery, the incidence
of CKD stage progression was 25%. Among individuals
with CKD at baseline and an increase in creatinine lev-
els after surgery, there was a graded increase in the pro-
portion of individuals with the development of worsen-
ing CKD stage by magnitude of creatinine increase: class
I, 33.7%; class II, 44.1%; class III, 51.1%; and class IV,
53.4% (P for linear trend, �.01) (Figure 1). The relative
risk of CKD stage progression was also not constant over

time (Figure 2). The relative risk of CKD stage progres-
sion was greatest immediately after the episode of cre-
atinine increase (HRs at 3 months for progression of CKD
by creatinine increase classes I, II, III, and IV: 2.5, 3.8,
4.4, and 8.0, respectively; P for linear trend and P for each
class, �.01; compared with reference group with no in-
crease in creatinine values). While the relative risk of pro-
gression by AKI severity decreased over time, at no time
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Figure 1. Kaplan-Meier curves for time to incident chronic kidney disease
(CKD) (A), progression of CKD stage (B), and long-term mortality after
cardiac surgery (C) by increase in creatinine (Cr) class. Log-rank P �.001
for all 3 parts.
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did the risk return to baseline. For example, after 5 years,
the risk of CKD stage progression was markedly attenu-
ated but remained elevated (HRs at 5 years for CKD stage
progression by creatinine increase classes I, II, III, and
IV: 1.5, 1.7, 1.7, and 2.4, respectively; P for linear trend,
.21; and P for each creatinine increase class, �.05; com-
pared with reference group with no increase in creati-
nine values) (Table 2).

DEATH

During the follow-up period of the study, 6775 individu-
als (23.1%) died. Increasing severity of creatinine in-
crease was associated in a graded manner with increas-
ing risk of death. Mortality among those without an
increase in creatinine levels (censoring deaths within 30
days of surgery) was 19.5%. Among those with an in-
crease in creatinine classes I, II, III, and IV, mortality (cen-
soring deaths within 30 days of surgery) was 21.0%,
26.4%, 31.7%, and 33.6%, respectively; P for linear trend,
�.01) (Figure 1).

The association between severity of increase in creati-
nine values and mortality varied significantly over time.
Piecewise proportional hazard models with knots de-
scribed previously were fit to model the changing relative
hazards for mortality over time. In these multivariable ad-
justed models that included baseline eGFR, patients with
creatinine increase classes I, II, III, and IV had HRs of 1.4,
1.9, 2.8, and 5.0 for mortality at 3 months (reference no
creatinine increase, P for linear trend �.01; and P for each
of these 3 creatinine increase classes, �.05; compared with
reference group with no AKI) (Table 2). The mortality risk
associated with an increase in creatinine values attenu-
ated over time (Figure 2) but did not return to baseline
for creatinine classes II, III, and IV. At 5 years, the rela-
tive hazard for mortality continued to be elevated (HRs
1.2, 1.4, and 1.8 for creatinine increase classes II, III, and
IV; P for linear trend, �.01; and P for each of these 3 classes
of creatinine increase, �.01; compared with reference group
with no increase in creatinine values).

COMMENT

The magnitude of creatinine increase after cardiac sur-
gery was associated with an increased risk of incident
CKD, progression of CKD, and death. The increase in risk
of these adverse outcomes was most pronounced in the
first 3 to 24 months of follow-up but persisted, albeit at-
tenuated, at 5 years after surgery. Our results also sug-
gest that even a minimal increase in serum creatinine val-
ues (eg, 1%-24%) after cardiac surgery is associated with
the development of long-term adverse outcomes, includ-
ing mortality, progression of CKD, and incident CKD.

Our findings are in agreement with those reported pre-
viously in published studies. We, and others, have pre-
viously reported that hospitalized AKI was indepen-
dently associated with both ESKD and mortality and that
this association was modified by the presence of base-
line CKD.27,28 However, both of these studies were lim-
ited by the use of administrative data that lacked sensi-
tivity for the identification of both CKD at baseline and
AKI. The group from the University of Florida16,29 has de-
termined the risk of long-term mortality associated with
AKI among individuals undergoing both cardiac and non-
cardiac surgery. In both studies, a graded association be-
tween severity of postoperative AKI and risk of long-
term mortality was present, but of a smaller magnitude
than reported herein (cardiac surgery cohort, HR for death
for 100% increase in creatinine, 1.23 [95% CI, 1.06-
1.42] and for 200% increase in creatinine, 2.14 [95% CI,
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Figure 2. Adjusted hazard ratio (HR) over time for incident chronic kidney
disease (CKD) (A), progression of CKD stage (B), and long-term mortality after
cardiac surgery (C) by increase in creatinine (Cr) class. Ref indicates reference.
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1.73-2.66]). However, in both of these analyses, indi-
viduals with CKD at baseline were excluded, limiting the
generalizability of study results, as CKD is the one of the
strongest risk factors for the development of AKI. Also,
many of the individuals in these analyses did not un-
dergo assessment of a baseline level of kidney function
before surgery. For these individuals, the authors im-
puted a baseline eGFR of 75 mL/min/1.73m2, which may
have magnified the incidence and severity of AKI epi-
sodes identified in these data sets. Hsu et al17 have also
demonstrated an increased risk of both long-term ESKD
and mortality among individuals with relatively pre-
served kidney function (eGFR, �45 mL/min/1.732) who
experienced an episode of AKI requiring dialysis. Fi-
nally, another group using VA data of hospitalized pa-
tients found an increased risk of mortality by increasing
the severity of AKI (HR for mortality associated with an
increase in creatinine of 50%, 1.36 [95% CI, 1.34-1.38];

100%, 1.46 [1.42-1.50]; and 200%, 1.59 [1.54-1.65]), even
after adjustment for baseline kidney function.30 While pre-
vious studies are limited by their design or lack of base-
line information or focused on the minority of individu-
als with AKI requiring dialysis, these results, together with
our findings, suggest that AKI episodes after surgery or
in hospitalized patients have long-term sequelae.

A novel finding of our study is that very small changes
in serum creatinine levels were associated with adverse
outcomes. While the association exists for all 3 out-
comes that we examined, it is unclear whether these small
changes in creatinine levels represent true episodes of AKI.
Current classification systems for AKI ignore small
changes in creatinine levels as they may represent varia-
tions in creatinine within the individual or within the labo-
ratory measurement. However, random variations such
as these should not increase the risk for adverse out-
comes. Future studies should determine the source of

Table 2. Estimated Hazard Ratio (HR) for Time to Incident Chronic Kidney Disease (CKD), CKD Progression, and Death,
With 95% Confidence Intervals (CIs) by Class of Postoperative Creatinine Increase

Time From Cardiac
Surgery, mo

Class of Creatinine Increase, % Increase in Peak Serum Creatinine Levels (95% CI)

Estimated HR for Time to Incident CKDa

None
(n=6643)

I (1%-24%)
(n=7460)

II (25%-49%)
(n=3838)

III (50%-99%)
(n=1676)

IV (�100)
(n=644)

3 1 [Reference] 2.10 (1.81-2.42) 4.02 (3.48-4.65) 5.78 (4.92-6.79) 6.62 (5.41-8.10)
6 1 [Reference] 1.90 (1.71-2.12) 3.23 (2.89-3.62) 4.44 (3.90-5.05) 4.80 (4.03-5.72)

12 1 [Reference] 1.57 (1.32-1.87) 2.09 (1.73-2.53) 2.62 (2.07-3.31) 2.53 (1.79-3.56)
24 1 [Reference] 1.40 (1.16-1.70) 2.17 (1.76-2.69) 2.45 (1.86-3.23) 2.52 (1.66-3.82)
36 1 [Reference] 1.59 (1.34-1.89) 2.15 (1.76-2.63) 2.61 (2.01-3.40) 3.60 (2.45-5.29)
60 1 [Reference] 1.40 (1.20-1.62) 1.88 (1.56-2.25) 2.33 (1.83-2.97) 2.28 (1.43-3.66)

Estimated HR for Time to CKD Stage Progressionb

None
(n=2415)

I (1%-24%)
(n=2277)

II (25%-49%)
(n=1103)

III (50%-99%)
(n=653)

IV (�100%)
(n=277)

3 1 [Reference] 2.52 (2.06-3.07) 3.78 (3.06-4.66) 4.41 (3.51-5.53) 8.00 (6.23-0.28)
6 1 [Reference] 2.58 (2.21-3.02) 3.50 (2.95-4.14) 4.34 (3.62-5.22) 5.87 (4.63-7.42)

12 1 [Reference] 2.72 (2.07-3.58) 3.00 (2.20-4.08) 4.23 (3.02-5.92) 3.15 (1.94-5.12)
24 1 [Reference] 1.22 (0.90-1.66) 1.71 (1.20-2.44) 1.81 (1.18-2.78) 3.26 (1.88-5.65)
36 1 [Reference] 1.85 (1.38-2.47) 2.53 (1.79-3.59) 1.86 (1.18-2.93) 2.22 (1.13-4.39)
60 1 [Reference] 1.45 (1.10-1.91) 1.68 (1.17-2.40) 1.67 (1.07-2.60) 2.39 (1.13-5.08)

Estimated HR for Time to Deathc

None
(n=9609)

I (1%-24%)
(n=10 369)

II (25%-49%)
(n=5357)

III (50%-99%)
(n=2719)

IV (�100%)
(n=1334)

3 1 [Reference] 1.35 (1.11-1.63) 1.87 (1.52-2.29) 2.84 (2.30-3.51) 4.97 (3.95-6.25)
6 1 [Reference] 1.20 (1.04-1.38) 1.64 (1.41-1.90) 2.25 (1.91-2.64) 3.36 (2.77-4.06)

12 1 [Reference] 0.95 (0.75-1.20) 1.25 (0.98-1.61) 1.40 (1.05-1.87) 1.53 (1.05-2.22)
24 1 [Reference] 1.14 (0.91-1.42) 1.62 (1.27-2.06) 1.19 (0.88-1.62) 2.02 (1.40-2.92)
36 1 [Reference] 1.02 (0.88-1.19) 1.19 (1.00-1.41) 1.34 (1.09-1.65) 1.53 (1.16-2.03)
60 1 [Reference] 1.02 (0.92-1.13) 1.16 (1.03-1.31) 1.38 (1.20-1.59) 1.78 (1.46-2.17)

aAdjusted for age, race, sex, diabetes, hypertension, congestive heart failure (CHF), peripheral vascular disease, antianginal agents, calcium channel blockers,
oral hypoglycemic, nonsalicylate, opioid analgesics, insulin, emergency procedure, Veterans Affairs (VA) hospital, and estimated glomerular filtration rate (eGFR).
Likelihood ratio test for creatinine increase class, �2

24 = 1124; P � .001.
bAdjusted for age, diabetes, peripheral vascular disease, calcium channel blockers, VA hospital, and baseline eGFR. Likelihood ratio test for creatinine increase

class, �2
24 = 554; P � .001.

cAdjusted for age, race, diabetes, anemia, tumor, CHF, chronic obstructive pulmonary disease, alcohol abuse, liver disease, neurologic disease, obesity,
peripheral vascular disease, lipid-lowering agents, �-blockers, antianginal agents, nonsalicylate, antidepression medication, loop diuretic, opioid analgesics,
insulin, digitalis glycosides, anti-infective agents, antiasthmatic agents, glucocorticoids, myocardial infarction, cerebrovascular disease, weight loss, emergency
operation, VA hospital, and baseline eGFR. Likelihood ratio test for creatinine increase class, �2

24 = 336; P � .001.
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these small variations in creatinine levels and the clini-
cal significance of these small changes in serum creati-
nine levels in other populations.

While our results suggest that postcardiac surgery in-
creases in creatinine levels are associated with higher risks
of incident CKD, progression of CKD, and long-term mor-
tality, the mechanism underlying these associations is un-
certain. An AKI episode may initiate a maladaptive re-
nal process that leads to the development and/or
progression of kidney disease. Once established, CKD it-
self may mediate the association between the AKI epi-
sode and long-term mortality. Alternatively, the AKI epi-
sode may simply be a marker for an individual with poor
renal reserve and the stress of cardiac surgery simply un-
masks the lack of underlying renal reserve. Irrespective
of the mechanism, an increase in serum creatinine lev-
els after cardiac surgery appears to accurately identify a
group of individuals who are at high risk for the devel-
opment of incident CKD and the progression of kidney
disease as well as long-term mortality.

Our results have significant clinical implications that
suggest that even small increases in serum creatinine lev-
els after cardiac surgery are associated with long-term re-
nal complications, particularly in the first 1 to 2 years
after the episode of creatinine increase. A difficulty cur-
rently in caring for individuals who are at high risk for
kidney disease is identifying those likely to develop in-
cident kidney disease or progressive kidney disease. An
increase in creatinine levels after cardiac surgery ap-
pears to identify individuals who are at high renal risk.
However, currently few individuals with AKI see a ne-
phrologist in the first year after their AKI hospitaliza-
tion, and many do not have follow-up serum creatinine
measurements after an episode of AKI.31 Given our re-
sults, future studies of AKI should focus on long-term
outcomes associated with AKI and identify factors that
can ameliorate these long-term complications, particu-
larly in the first 2 years after an AKI episode.

Our study has several strengths. First, we used a rela-
tively homogeneous population of individuals who
underwent cardiac surgery. Our results are based on a
nationwide data set with exceptionally long renal follow-
up; over an average follow-up period of 5 years, each
individual had a median 2.7 annual outpatient creati-
nine measurements after cardiac surgery. Also, we were
able to accurately determine the baseline level of kidney
function for all members of our cohort. Our results sug-
gest that the magnitude of creatinine increase after car-
diac surgery appears to be associated in a graded manner
with incident CKD, progression of kidney disease, and
long-term mortality.

Finally, while other investigators have examined the
risk of adverse outcomes associated with AKI, they have
assumed that increases in risk were constant after the AKI
episode. Our results suggest that the increased risk of ad-
verse outcomes is greatest immediately after the epi-
sode of creatinine increase and slowly declines over time
but may never disappear.

However, our study has a number of limitations. Our
study results may not generalizable to the general popu-
lation, as our study was derived from a VA cohort, which
is older and contains fewer females compared with the gen-

eral population. Also, our cohort comprised individuals
who underwent cardiac surgery. Given the selection pro-
cess for cardiac surgery, our cohort likely had better base-
line kidney function than a comparable cohort not se-
lected for cardiac surgery, as evidenced by our relatively
high mean baseline eGFR. Furthermore, as we used an ad-
ministrative data set, other clinically important measures
were not available, leading to the possibility of residual con-
founding. Finally, our definition of incident and progres-
sive kidney disease required an individual to have at least
3 months of a new kidney disease stage (with at least 2
creatinine measurements) before reclassification. We thus
may have misclassified individuals who then either tran-
siently or permanently regained kidney function longitu-
dinally; however, our definition was based a priori on the
National Kidney Foundation Kidney Disease Outcomes
Quality Initiative requiring at least 3 months of a new CKD
stage for reclassification.

An increase in creatinine levels after cardiac surgery,
even of mild severity, is associated in a graded manner
with a subsequent increase in the risk of incident CKD,
kidney disease progression, and mortality. This in-
creased risk is most pronounced during the 3 to 24 months
after an episode of creatinine increase. Increases in cre-
atinine levels after cardiac surgery may be a strong risk
factor for both incident and progressive kidney disease.
Future research should develop strategies to prevent AKI
or long-term sequelae associated with AKI, particularly
in the 3 to 24 months after AKI.
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INVITED COMMENTARY

The Acute Kidney Injury to Chronic
Kidney Disease Continuum

T he development of postoperative acute kidney
injury (AKI) has been identified as the stron-
gest risk factor for death in patients undergoing

cardiac surgery.1 Patients requiring renal replacement
therapy for postoperative AKI have mortality rates rang-
ing from 40% to 80%, rates of similar magnitude as post-
operative cardiac arrest and more striking than those of
perioperative myocardial infarction or postoperative stroke
or coma.1,2 The development of AKI represented by small
and reversible changes in serum creatinine levels is also
increasingly recognized as a marker of short-term mor-
tality among patients undergoing cardiac surgery3,4; how-

ever, the clinical significance of these AKI episodes with
respect to clinically relevant outcomes has not been well
studied.

In this issue of the Archives, Ishani and colleagues ex-
plore the relationship between the magnitude of post-
operative changes in serum creatinine levels after car-
diac surgery and the incidence and progression of chronic
kidney disease (CKD) and death using data from the Vet-
erans Affairs Surgical Quality Improvement Program. This
retrospective cohort analysis (N=29 388) showed that any
change in serum creatinine levels after cardiac surgery
was associated with an increased risk of incident CKD,
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